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CHAPTER I

INTRODUCTION

A series of tests was conducted in the Fears Struc-
tural Engineering Laboratory, School of Civil Engineering and
Environmental Science, University of Oklahoma, using standard
rigid frames produced by Star Manufacturing Company, Oklahoma
City, Oklahoma. The purpose of these tests was the determin-
ation of the structural strength and stiffness of rigid frames.
A total of four sets of two standard frames were tested. These
frames have been assigned the following designations by Star
Manufacturing Company: Frames 1 and 2 are designated as SRLO4
50 20/25 16/25; Frames 3 and 4 are designated as SR4 60 40/25
20/20; Frames 5 and 6 are designated as STR 60 12/25 10/25;
and Frames 7 and 8 are designated as STR4 50 12/25 14/25.
Reference is made herein as SRLO4 50, SR4 60, STR 60, and
STR4 50, respectively. The frames are normally used in pre-

engineered buildings with the following design parameters:

' SRLO4 50 BSR4 60 STR 60 STR4 50
Clear Span, ft. 50 60 60 50

Design Live Load, psf 20 40 12 12
Design Wind Load, psf 25 25 15 25
Eave Height, ft. 16 20 10 14
Frame Spacing, ft. 25 20 25 25
Roof Slope 1:12 %:12 :12 2:12

The SRLO4 and SR4 series consist of clear span rigid frames



with non-prismatic columns and rafters of shop-welded steel
éiate. The STR series consists of prismatic columns and

either prismatic or non-prismatic rafters. The STR 60 frames
had prismatic rafters while the STR4 50 frames had non-prismatic
rafters.

The test specimens were fabricated as part of standard
production runs. The test set-up and testing procedures were
developed using details and descriptions found in the litera-
ture. All test set-ups consisted of two frames spaced 24 ft.
0 in. apart, with connecting simple span purlins and.girts,
standard flange brace angles, and rod braces as shown in Fig-
ure 1. However, girts wer not used for frames 5 & 6.
Simulated live load was applied using gravity load simulators
similar to those described in Reference 1. Load was applied
using A-frames and hydraulic cylinders. The A~frames were
located inside the test frames for the SR4 60 tests and out-
side the test frames for the STR4 50 tests.

The purpose of the testing was threefold: 1) to
verify existing design procedures used by Star Manufacturing
Company to predict deflections and strength, 2) to verify
design procedures which were published by Lee when testing
was near completion (Reference 2), and 3) to determine bracing
requirements for tapered steel members. This report summar-
izes the testing procedures, instrumentation, and results.
Detailed description of the various tests is found in Refer-

ences 3 to 6. Comparison of results is made with the standard

Star Manufacturing Company design procedures and with Lee's

proposed methods,
- -
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CHAPTER II

" TEST DETAILS

2.1 Description of Specimens

Details and dimensions of the test specimens are given
in Appendix A. The specimens were fabricated from A572 Gr 50
Steel. The only modification made to the specimens compared
to standard production frames was the addition of holes in the
top flanges of the rafters to permit installation of loading

devices.

2.2 Test Set-up

The frames were erected inside the Fears Structural
Engineering Laboratory on the laboratory reaction floor. The
floor is a concrete slad 30 ft. by 60 ft. by 3 ft. 6 in. deep
with four W36 x 150 steel beams embedded in concrete. The
slab weighs one million pounds and is capable of reacting
320,000 1b. in any one location. The frames were erected di-
rectly over two of the embedded W36 beams, spaced 24 ft. 0 in.
apart. Purlins and girts at standard bracing spacings were
.c0nnected between the frames along with standard rod bracing
in both the roof and side walls. However, all the frames ex-
cept the last series tested (STR4 50) did not have a girt at
the standard location of 7 ft. 3% in. above the column base.
Compression flange braces at the standard locations were
connected between the purlins and the bottom flanges of the
rafters or inside flanges of the columns.

These braces were later moved to nonstandard



locations for additional tests to evaluate the lateral buckling
strength of rafters. Sheeting was installed on Frames 3 and 4
on the end walls from the eave strut to the girt. The entire
roof area was sheeted using standard roof deck and fasteners.
The column base plates were bolted to channel sections
which in turn were bolted to the reaction floor beams. Standard
A325 bolts with diameters specified by Star Manufacturing
Company were used at the rafter to column coﬁnections and the
peak splice connections. Standard 1/2 in. diameter by 1 1/4 in.
hex screws were used to connect all cold-formed parts to the
frames. The erection procedures were as near as possible to
standard practice and no specific procedure was used to tighten

the bolts in the end plate connections.

2.3 Load Applications

Simulated live load was applied using the loading
apparatus shown in Figure 2. The loading apparatus consists
of a gravity load simulator (Figure 3), a 35 kip tension-com-
pression hydraulic cylinder, spreader beam, two calibrated
dynamometers, and spreader beams and tension rods attached to
the frame. The simulator is a device which permits horizontal
movement of the point of load application while maintaining a
vertical line of action of the applied load. For the simulator
used in these tests, the point of application of the load can
move left or right a maximum of 10 in. and the hydraulic ram

will remain vertical.
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Lateral load was applied using an A-frame constructed either
adjacent to or inside the frames with hydraulic cylinders
and calibrated load cells positioned as shown in Figure 4. For
all lateral load applications, load was applied to both frames
simultaneously using two identical Lydraulic cylinders connec-
ted in series to a manual pump.

Five loading schemes were used as shown in Figure 5.
Figure 5(a) is the case of unbalanced live load. For this
loading, both frames were loaded simultaneously with the four
hydraulic rams connected in series to an electric pump. Figure
5(b) is lateral load only, applied as described above. Figure
5(c) shows combined lateral load and unbalanced live load on
the windward side. Figure 5(d) shows combined lateral load
and unbalanced live load on the leeward side. Figure 5(e)
shows full gravity load applied to one frame. For this loading
condition, all four hydraulic cylinders were connected in series

to an electric pump.

2.4 Instrumentation

Instrumentation consisted of calibrated dynamometers,
calibrated load cells, strain gages, dial gages and horizontal
deflection gages. Gravity load was measured using the cali-
brated dynamometers positioned as shown in Figuré 2: lateral
load was measured using the calibrated load cells positioned
as shown in Figure 4,

Vertical deflection of the center line of the frames
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Figure 4. Lateral Load Application
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was measured using either a taut wire and a dial gage, Figure
6(a), or a weighted scale and a fixed level, Figure 6(b). The
former was used for symmetrical loading conditions and the
latter for loading conditions where significant frame side-
sway was expected. Sidesway of the top of the column was
measured using a horizontal scale (0.1 in.) located as shown
in Figure 7 and a fixed transit. Lateral movement of the col-
umn and rafter flanges was measured by means of a transit set
in a fixed position with the telescope free to move only in a
vertical plane. Graduated scales (0.1 in.) were attached
perpendicular to the plane of the web at the flange locations
shown in Figure 8.

Foil strain gages were positioned on all frames at
critical locations, as shown in Figure 9. Gages on the same
side of the web but on opposite sides of a flangé were wired
so that the average strain at a particular location was re-
corded. An electronic data acquisition system was used to

record all strain gage data,

2.5 .Testing Procedures

Prior to any actual testing, an overall check of the
testing apparatus and instrumentation was made and zero read-
ings were recorded. In general, load was applied in incre-
ments until near the failure load at which time the increment
was decreased. After each load increment, deflection and

strain gage readings were recorded and the specimens were

-11-
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checked for signs of yielding. Yielding was detected by
flaking of mill scale under the whitewash coat on the frames.
When the specimens were no longer able to resist any additional
loading or had reacheé the maximum desired load, final read-
ings were taken and the load then removed.

Two types of tests were conducted: tests to verify
the performance of the frames relative to analytical predic-
tions for a number of loading cases and tests to determine the
load-carrying capacity of the frames under non-standard flange
bracing. A summary of the tests performed on the eight frames

is given in Table 1.

-16-
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CHAPTER III

ANALYTICAL PROCEDURES

3.1 Introduction

In this chapter, the analytical procedures currently
used by Star Manufacturing Company and those developed by Lee
gz_él(z) are presented and compared. Star Manufacturing Com-
pany modified their design procedures in the fall of 1981.
The techniques used prior to these modifications, as well as
those currently (1982) being used, are discussed and compared
to procedures proposed by Lee. This chapter serves as back-
ground for Chapter IV where analytical results are compared

to test results.

3.2 Star Manufacturing Company Procedure

Star Manufacturing Company's computer design pro-
gram uses a standard stiffness analysis to determine internal
axial forces, shears and moments and external deflections.

For analysis purposes, nonprismatic members are divided into

a number of segments each with uniform properties. The stiff-
ness matrix is then developed and solutions obtained. Stress-
es at the mid-point of all segments and at section changes

are calculated and standard AISC interaction equations (Form-
ulas 1l.6-la, 1.6-1b or 1.6-2) are used to determine allowable

or service load.



Interaction equations are checked at each analysis point and
the location with a maximum value less than 1.0 (unity check)
is used as a criterion for determining maximum service load.
In addition, local buckling and shear failure is checked
using AISC provisions.

AISC Formulas 1.6~1 and 1l.6-2 were developed for
doubly symmetrical H-shaped members of length L, where L is
the distance between strong axis brace points. Star Manu-
facturing Company uses these formulas for prismatic, doubly
symmetrical tapered and singly symmetrical tapered members.
Checks are made at all analysis points with effective length
factors kept constant over the member length L, defined as
the distance between member ends Or changes in taper.

The basic factor of safety in the AISC specification
is 1.67. To determine the ultimate load of the test frames,
the service loading was increased until a unity check value
of approximately 1.67 was attained for at least one analysis
point. This method is not strictly correct, since the inter-
action equations are nonlinear in form. However, it is be-
lieved to be a sufficient measure of frame capacity for the
purposes of this study. A typical computer output showing
geometry and section property data and the analyses for ulti-
mate full live load loading for Frames 1 and 2 is shown in
Appendix B.

As was stated previously, the analysis method cur-

rently used by Star Manufacturing Company is the use of AISC

-19-



interaction equations to predict critical loads on a frame.
These interaction equations account for two second order ef-
fects; first is the effect of changes in structural geometry
(joint displacements) on member forces (P-Delta effect): and
second is the influence of axial force on member stiffness.
In the AISC interaction equations, the amplification factor
l/{l—(fa/Fé)} and the effective length factor (K) are both
used to account for these effects. Until the fall of 1981,
assumed effective length factors of 1.0 for the major axis
of all rafters, 1.5 for the major axis of all exterior col-
umns and 1.0 for the minor axis for all members were used in
the Star Manufacturing Company procedures. In the fall of
1981, a rational method of calculating major axis effective
length factors based on methods developed by Lee, Ketter and

Hsu (2) was implemented.

3.3 Comparison With Lee Procedures

In 1981 the Metal Building Manufacturers Association

published Design of Single Story Rigid Frames authored by

Lee, Ketter and Hsu(z). This book summarizes all of the
pertinent results of research and investigations completed
in recent years concerning the design of steel, single story,
rigid frames with emphasis on frames with doubly summetrical
web tapered members. The material contained in the book is
largely a result of research conducted by the authors.

There are many differences between Star Manufactur-

ing Company's current analysis procedure and procedures

-20-



presented by Lee et al. The principal differences are as
follows:

Axial Compression. In the Lee method of axial load

analysis, effective length factors are calculated using mem-
ber stiffnesses with adjustment for the taper ratio. For
axial buckling of tapered columns, two sets of effective
length factors are provided. The first is for columns hav-
ing a constant linear variation in depth along the length of
the member (web tapered columns). These curves are the basis
for the design rules in the 1978 Specification (Appendix D
of Reference 7) and are included in the commentary to that
document. To qualify under the provisions of the Specifica-
tion, a tapered member must meet the following requirements:
It must be symmetric about the weak axis, the flanges must
be of equal and constant area and the depth must vary linearly.
The last requirement prevents the use of the Specification in
cases where a tapered member is multi-segmented. A second
set of curves for columns with multi-segmented tapered mem-
bers are presented in Appendix E of Reference 2. In both
procedures, the effective length factor for the weak axis is
obtained by considering the weak direction as prismatic. The
end restraint factors are then calculated and the AISC align-
ment chart used to determine Ky.

For strong axis buckling, the AISC procedure re-
quires the use of charts found in the Commentary, Section

D-2, to determine the effective length factor KY. If the

-2] -



restraining member at the end of the member is tapered, a
modification of the restraining factor, GT or GB’ must be
made. This modification is dependent upon the type of re-
straining member (ie, multi-tapered or singly-tapered) and
the taper ratio(s) of the restraining member. This modifi-
cation involves procedures presented in Appendices E and C

of Reference 2. It should be noted that in the Lee analysis,
the calculated KL/r about the major axis is constant for the
entire member length. The value for KY’is based on the smal-
lest radius of gyration about the major axis for the entire
member. Thus if major axis buckling controls, the same col-
umn slenderness ratio (KL/r) and allowable axial stress value
are used for the entire member length.

As was stated previously, Star Manufacturing Company
has recently implemented a procedure for determining major
axis effective length which is, in part, based on the Lee
methods discussed above. The initial intention was to de-
velop an automated procedure, based on Lee's methods, that
would circumvent the need for design curves. An attempt was
made to automate a procedure for calcﬁlating the critical
buckling load of a tapered column which was developed by
Lee, Morrell, and Ketter(g). In this method, the slope de-
flection equations are developed and the coefficients are
arranged into a coefficient matrix. The critical buckling
load can then be determined using an iterative procedure in

which the applied load is incremented until the determinant

-22-~



,0f the coefficient matrix changes algebraic sign. The ef-
fective length factor could then be determined by solving
the Euler column buckling equation for Kx‘ Attempts were
made to verify the coefficient matrices developed by Lee but

they did not prove successful(9)

. Thus the use of these
coefficient matrices for determination of effective length

factors was abandoned.

Star Manufacturing Company then developed an approx-
imate method for determining major axis effective length fac-

(10)° This method consists of two steps: first, the

tors
pinned-end tapered member is theoretically converted into a
prismatic member of different length which has the cross-sec-
tion of the smaller end of the tapered member; second, the
end conditions of the converted'prismatic member are consid-
ered. The joint stiffness ratios of the member ends are used
together with the traditional prismatic column effective

(7)

length nomographs , to determine the major axis effective

length factor of the tapered member.

Bending. An'important consideration in the lateral-
torsional buckling analysis of beams is the influence of
end restraint at the brace points. Design provisions in the
1978 AISC Specifications conservatively imply lateral and
torsional pinned supports, ignoring the possible restraint
from adjacent spans. Reference 2 provides methods to con-
sider this restraint. Curves in Appendix F of this reference

permit the calculation of an equivalent length parameter

-23-



associated with either the uniform torsion term or the warp-
ing term, Ks and Kw’ respectively, of the classical lateral-
torsional buckling equation. The use of these parameters
effectively results in a reduction in the unbraced length
used for lateral torsional buckling analysis. The Star Manu-
facturing Company procedure conservatively uses the full un-
braced length for analysis.

To account for member taper, Lee has developed
length modification factors. The use of these factors, re-
ferred to as hS and hw' results in an increase in the effect-
ive length (weak axis) of a member. These modifications are
included in Appendix D of the current AISC Specification.
Star Manufacturing Company does not consider the effects of
taper on lateral torsional buckling.

Combined Bending and Compression. In Lee's analy-

sis for combined stresses, the interaction equation approach
is used. This is the same approach used by Star Manufactur-
ing Company and is presented in Section D4 of the AISC Speci-
fication(7). AISC interaction equations D4-la and D4-1b are
used to determine the critical load on a frame. The equiva-
lent moment coefficient, Cm’ used in equation D4-la, is taken
~as 0.85 for all cases. However, the commentary to the Speci-

fication states that Cm may be taken as

¥
Qm = 1.0 - 0.18 fa/Fe

- for the design of compression members in frames subject to sidesway.

In the above equation, Fé is the Euler buckling stress calculated



about the strong axis of the member with a factor of safety
of 23/12. The former value of Cm is used in Star Manufac-
turing Company's design program.

Other Design Considerations. Methodology for de-

termination of the allowable axial stress in a tapered col-
umn with unequal flange areas is presented in Appendix G of
Reference 2. Only complex charts that require manual inter-
polation are preseﬁted. No algebraic expressions are avail-
able to the designer, and the method is not amenable to auto-
mation. Star Manufacturing Company's current method does

not directly consider the effects of unequal flanges on lat-
eral-torsional buckling.

In determining the effective slenderness ratio,

KL/r, Lee in Reference 2 uses the distance from the column
base to the knee stiffener or the distance from the peak to
the knee connection plate as the member length. The member
length used in the Star Manufacturing Company procedure is
the distance from joint to joint.

In Reference 2, the bending coefficient, Cb’ is
conservatively taken as unity although the coefficient may be
considerably higher for some cases. Star Manufacturing Company
uses a value of 1.0 for all cases except for pinned column ana-
lyzed from the base up to the first brace point. A value of

1.75 is used in this region.

~25-



CHAPTER IV

TEST RESULTS AND COMPARISONS

4.1 Comparison of Test Results with Star Manufacturing

Company Predictions

In this section, test results are compared to Star
Manufacturing Company's standard computer design program.
The results presented herein do not reflect previously dis-
cussed changes that were implemented in August, 1981. Typical
test results are shown in Appendix C; complete results are
found in References 3 through 6. Results are summarized in
Tables 2 through 6. Comparisons are made between predicted
and measured deflections, stresses and critical loads.

4.1.1 Frames 1 and 2 - SRLO4 50 20/25 16/25

Initial Test, Full Live Load, Frame 1. For this test

4,0 kips was applied at each load point on the frame (3.07
kips corresponds to a unity check value of 1.0 at service
loads). Excellent agreement was found between predicted and
measured vertical centerline deflection. The measured side-
sway deflection was not in agreement with the predicted values,
especially after 3 kips load. However, the difference is
small and can be considered insignificant.

Lateral deflections of the inside and outside flanges
of the east frame were significant. Maximum lateral deflec-
tion was approximately 1.06 in. near the centerline of the

rafter, indicating potential lateral buckling.
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Comparisons between predicted stresses and stresses
computed from measured strains at locations in the south
column near the knee, south rafter near the knee and the
south rafter near the peak show excellent agreement. (Meas-
ured strains were multiplied by E = 29,000,000 psi to obtain
stresses below the yield stress of the material. If the
computed stress exceeded the yield stress the yield stress
is used).

Results of this test indicate that frame stiffness
and stress distributions are accurately predicted by Star
Manufacturing Company's design program.

Final Test, Frame 1. Test results for Frame 1

loaded with full live load are shown in Table 2. Failure
occurred by lateral buckling of the north rafter near the
knee at a load of 4.75 kips. A unity check value of 1.67,
as determined using Star Manufacturing Company's design pro-
gram, corresponds to a load of 5.13 kips. Output is shown
in Figure B.2 and the critical location is in the rafters,
near the knee. Lateral buckling occurred because of failure
of the rafter compression (lower) flange brace near the
north knee. The roof sheeting did not extend to the purlin
supporting the flange brace and the purlin rolled as shown
in Figure 10, effectively eliminating the brace and permit-
ting lateral buckling.

As shown in Table 2, good agreement was attained
between measured and predicted vertical centerline deflec-

tion. The maximum lateral deflection was 0.6 in. and
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occurred near the location of the failed brace. Predicted
stress and stress calculated from measured strain data is
shown in Table 2 for the south column near the knee, the
south rafter near the peak, and the south rafter near the
peak. Reasonable agreement was obtained between the pre-
dicted stresses and experimentally obtained stresses for
the column knee and rafter peak locations. Stresses in the
rafter near the knee were much lower than predicted.

Results of this test indicate that the design pro-
cedure accurately predicts the stiffness of the frame and
stress distributions within the frame. Failure of the frame
was caused by an inadequate compression flange brace near
the north knee.

Final Test, Full Live Load, Frame 2. Before con-

ducting the test on Frame 2, roof sheeting was attached to
the entire roof area. End wall sheeting was not used.
Frame 2 was then subjected to full live load until failure
by lateral buckling in the south rafter at a load of 4.8
kips at each location. Lateral movement was visually more
evident along the inside (peak) rafter segment, however, it
was apparent that the outside (knee) rafter segment also
moved laterally. Output from the Star Manufacturing Com~-
pany's program for the test condition is shown in Figure B.3.
The predicted failure load for this analysis was 5.29 kips.
Predicted and measured vertical deflection at the

centerline is shown in Table 2. The measured deflections
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were about 15% higher than predicted. The maximum lateral
deflection before failure was 0.49 in. Experimentally de-
termined and predicted stresses are shown in Table 2. Fair
agreement was obtained between the experimentally determined
and predicted values except for the north column near the
knee.

Results of this test indicate that Star Manufactur-
ing Company's design program adequately predicts frame stiff-
ness and internal stress distributions. The roof sheeting
was found to have sufficiently stiffened the purlin so that
the type of failure shown in Figure 10 was prevented. It is
beliéved that the frame failed below the predicted ultimate
load because of damage caused by the failure of Frame 1.
When the lateral brace failed during the Frame 1 test, the
rafter segments of Frame 2 were pushed laterally at the
flange brace locations. The rafter segments remained in a
laterally deflected position when the load on Frame 1 was
removed.

Coupon Tests, Frames 1 and 2. Upon completion of

all testing, samples of the plate material used to fabricate
the frames were removed at several locations on the frame.
The locations were chosen to minimize the effects of pos-
sible yielding due to test loading. Standard ASTM E-8-57 T
tensile coupons were then machined and tested. Measured
yield stresses varied from 47.9 to 66.3 ksi. The higher

values were found in the web material and the lower values
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in the flange material. The results for the flanges were
sufficiently close to the specified minimum yield stress,
50 ksi to be acceptable. (A yield stress of 50 ksi was

used in the Star Manufacturing Company computer analyses.)

4.1.2 Frames 3 and 4 - SR4 60 40/25 20/20.

Initial Test, Unbalanced Live lLoad, Frames 3 and 4.

Test results and theoretical predictions from Star Manufac-
turing Company's design program are shown in Table 3 for
both frames subjected to the unbalanced live load shown in
Figure 5a. For this test, 4.5 kips was applied at each load
point on each frame representing approximately the working
load for the frames, e.g., a unity check value of 1.0. Table
3 shows experimental and theoretical deflection data for
vertical centerline deflection and sidesway deflection. The
measured centerline and sidesway deflections were slightly
less than the predicted values. The predictions are based
on perfectly pinned columns which was not achieved in the
test set-up and could explain the discrepancy in the side-
sway deflections. Maximum lateral deflecﬁion was approximat-
ely 0.1 in. and is not considered to be significant. Meas-
ured stresses were all lower than those predicted by Star's
Analysis program.

Results of this test indicate that frame stiffness
is adequately predicted by Star Manufacturing Company's

design program.
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Initial Test, Lateral Load Only, Frames 3 and 4.

Test results for both frames subjected to a concentrated
lateral load near the knee reentrant corner of the south
columns are given in Table 4. Approximately 6.0 kips was
applied horizontally to each frame simultaneously. Center-
line and sidesway deflection data is shown in Table 4. Ex-
cellent agreement was obtained between the measured and
theoretical sidesway deflections. Centerline deflection was
higher than predicted but this is not considered to be of
significénce. The maximum lateral displacement was approxi-
mately 0.1 in. and is not considered significant.

This test shows that the design program adequately
predicts sidesway stiffness of frames.

Initial Test, Unbalanced Load Live (Windward Side)

and Lateral Load, Frames 3 and 4. For this test both frames

were loaded simultaneously with unbalanced live load and
lateral load as shown in Figure 5c. First, 5.0 kips simu-
lated live load was applied at each load point in 1.0 kip
increments and then 7.0 kips lateral load in 1.0 kip incre-
ments was applied simultaneously near the reentrant corner
at the knee of the south columns. After each lateral load
increment, the gravity load was adjusted to 5.0 kips and
then the data was recorded. Test results showed good agree-
ment between predicted and measured centerline vertical de-

flections and sidesway deflections (Reference 4). The

-37-



maximum lateral displacement was approximately 0.25 in. and
is not considered to be significant. Excellent agreement
was obtained between predicted and experimental stresses(4).
Strain readings were converted to stress assuming a modulus
elasticity of 29,000 ksi.

Test results indicate that the design program ade-
quately predicts frame stiffness under combined loadings.

Stress predictions were also excellent.

Final Test, Full Live Load, Frame 4. Test results

for Frame 4 loaded with full live load are shown in Table
2. The maximum load applied was 7.5 kips at each location.
This load corresponds to a unity check value of 1.65 as de-
termined using Star Manufacturing Company's design program.
Star's computer design program predicted the critical loca-
tion was in the southwest rafter at the knee(4). As shown
in Table 2, good agreement was attained between measured and
predicted vertical centerline deflection. It is evident from
the load vs. centerline deflection plot (Reference 4) that
the frame could have taken more load. However, the frame
was unloaded because a strain gage indicated yielding of the
rafter near the knee. The maximum lateral deflection was
0.35 in. near the peak. This deflection is not considered
to be of significance.

Predicted stress and stress calculated from measured
strain data is shown in Table 2 for the north column near

the knee, the north rafter near the knee, the north rafter

-38-



near the peak. Reasonable agreement was obtained between the
predicted stresses and experimentally obtained stresses until
near the maximum load. When the maximum load was approached,
the stresses measured near the knee became greater than pre-
dicted. The deviation of the measured stresses indicates
that the frame was approaching its capacity.

Results of this test indicate that the design pro-
cedure accurately predicts the stiffness of the frame, stress
distributions within the frame, and is a reasonable estimate
of the capacity of the frame for full live load.

Final Test, Unbalanced Live Load (Windward Side)

and Lateral Load, Frames 3 and 4. Table 5 shows results for

6.0 kips unbalanced live load combined with lateral load ap-
plied simultaneously to both frames. For this test, the un-
balanced live load was applied in 1.0 kip increments to 6.0
kips (at each load location). Lateral load was then applied
while the unbalanced live load was maintained at the 6.0 kip
level. Failure occurred at 7.0 kips of lateral load by lat-
eral buckling of the southwest rafter compression (lower)
flange. The predicted failure load using Star Manufacturing
Company's design program was 6.0 kips unbalanced live load
and 10.0 kips lateral load. Because failure was not expected,
no data was obtained beyond 5.75 kips of 1ateral'load.
Vertical centerline deflection and sidesway de-
flection data are shown in Table 5. Sidesway deflections

were in excellent agreement with predicted values. The
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measured centerline deflections were slightly less than those
predicted.

The maximum measured lateral displacement of Frame 1
was 0.4 in. and the maximum lateral displacement of Frame 2
was 1.5 in. The lateral buckle was clearly seen in plots of
the deflected shape (Reference 4).

Predicted and measured stresses are shown in Table
5. Good to excellent agreement was obtained at all locations
except near the knee in the rafter of Frame 4.

The experimentally obtained failure load from this
test is not in close agreement with the predicted failure
load. A possible explanation is that Frame 4 was yielded
locally by the application of full live load to a unity check
value of 1.65 as described previously.

Although the predicted failure load was 6.0 kips
live load plus 10.0 kips lateral load, the west frame was
only able to resist 6.0 kips live load and 7.0 kips lateral
load. Load versus stress plots (Reference 4) show that the
stress in the rafter section near the lateral buckle was
close to maximum from the application of the 6.0 kips live
load. The rate of change of stress at this location is very
small relative to the applied lateral load. Hence, the rafter
near the peak was subjected to a very high stress level from
the live load application and additional lateral load only
increased the stress slightly. If the rafter was near fail-

ure due to the live load, a large discrepancy in the predicted
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laterél failure load is expected. 1In other words, because
the stress in the rafter section is near maximum and the rate
of change of that stress to applied lateral load is very
small, the rafter may be expected to fail over a relatively
wide range of lateral load.

Final Test, Full Live ILoad, Frame 3 With Nonstand-

ard Flange Brace Spacing. To investigate the effects of

different lateral bracing schemes on the lateral buckling
behavior of the rafters the locations of the lower flange
braces were changed on the east frame as shown in Figure 11.
In addition, the purlin connections to the top flanges were
removed except directly over the flange braces. Consequently,
the outside rafter segments were fully braced near the knee
and at the transition location and the inside rafter segments
were braced at the transition section near the peak. The
frame was subjected to full live load and failed by lateral
buckling in the south rafter at a load of 5.8 kips at each
load location. Lateral movement was visually more evident

in the outside segment, however, it was apparent that the
inside segment also moved laterally.

Output from the Star Manufacturing Company's com-
puter program for the test condition gives a predicted fail-
ure load for this analysis of 4.5 kips.

Predicted and measured vertical deflection at the
centerline is shown in Table 2. Good agreement was obtained

between the measured and predicted deflections. The maximum
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lateral deflection was 0.75 in. and the buckled configuration
was clearly seen in plots of the deflected shape of the frame
(Reference 4). Experimentally determined and predicted
stresses are shown in Table 2. Excellent agreement was ob-
tained between the experimentally determined and predicted
values.

Results of this test show that Star's computer analy-
sis gives conservative results (ie., low failure load) when
the lateral bracing is arranged such that lateral buckling
controls.

Coupon Tests, Frames 3 and 4. Upon completion of

all testing, samples of the plate material used to fabricate
the frames were removed at several locations. The locations
were chosen to minimize the effects of possible yielding due
to test loadings. Standard ASTM E-8-57T tensile coupons were
then machined and tested. Measured yield stresses varied
from 47.2 to 58.3 ksi. The lowest yield levels were found in
the south column of Frame 4 and did not affect the test re-
sults. The remaining results were sufficiently close to the
specified minimum yield stress, 50 ksi, to be acceptable.

For the Star Manufacturing Company computer analy-
ses, a conservative yield stress of 50 ksi was used in all
cases.

4.1.3 Frames 5 and 6 - STR 60 12/15 10/25

Full Live Load, Frame 5. Test results for Frame 5

loaded with full live load are shown in Table 2. The frame
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was loaded to 2.95 kips at which time yielding was observed
in the compressive flange of the rafter near the peak. Upon
inspection of the frame, it was noticed that the bolts at
both the knee and peak splices had not been sufficiently
tightened. The bolts were tightened and the frame reloaded
to an ultimate failure load of approximately 3.4 kips. Fail-
ure was manifested by local buckling of the compressive flange
of the rafter near the peak. The failure load attained and
the location of failure are not in good agreement with Star
Manufacturing Company's design program. The program pre-
dicted an ultimate load of 4.17 kips with the critical loca-
tion being in the south rafter at the knee.

The low failure load and unexpected critical loca-
tion can best be explained by the following logic. When the
frame was loaded the first time, the bolts were not tight-
ened sufficiently and thus the ends were free to rotate (i.e.,
act as pinned-ends). If a simple beam analysis of the rafter
is done assuming simple supports, it is found that the loca-
tion of maximum bending stress is between the two centermost
loading points. Through this analysis, the stress in the
aforementioned region would be approximately 65 ksi at a
load of 2.95 kips. This could explain the yielding that
occurred in the first loading sequence. Since 65 ksi is
greater than the yield stress of the material, residual
stresses must have remained after the unloading of the frame.

Thus, after the bolts were tightened and the frame loaded
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for the second time, the residual stresses combined with the
loading stresses, resulting in premature failure of the frame.

Test results given in Table 2 are for the second
loading sequence. As can be seen in Table 2, measured center-
line vertical deflections were about 20% higher than those
predicted. The maximum lateral deflection was 0.15 in. near
the southeast knee. This deflection is not considered to be
of significance.

Predicted stresses and stresses calculated from
measured strain data are shown in Table 2 for the south col-
umn near the knee, the south rafter near the knee, and the
south rafter neai the peak. Experimentally obtained stresses
were generally lower than predicted stresses. However, the
stress measured on one side of the peak was in close agree-
ment with the predicted stress at that point.

Results of this test indicate that premature failure
of the east frame was predicted by shortcomings in the erec-
tion procedure rather than inaccuracies in the design pro-
cedure.

Full Live Load, Frame 6. Tests results for the west

frame with standard flange bracing loaded with full live load
are given in Table 2. The frame was loaded to 3.0 kips at
which time areas of yielding were observed on the compres-
sive flange of the rafter near the peak. Upon further in-
spection it was noticed that local buckling of the inside

(compressive) flange of the southwest rafter had occurred
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near the knee. The failure load of 3.0 kips did not compare
well with Star Manufacturing Company's design program. The
program predicted the failure load to be 3.98 kips and the
critical location was in the southwest column at the knee.

As shown in Table 2, excellent agreement was attain-
ed between measured and predicted centerline vertical de-
flection. The maximum lateral deflection was 0.19 in. at the
peak. This deflection is not considered to be of significance.

Predicted stress and stress calculated from strain
data is given in Table 2 for the north column near the knee,
the north rafter near the knee, and the north rafter near the
peak. All experimentally obtained sfresses were lower than
those predicted by Star Manufacturing Company's design pro-
gram.

As was pointed out in Reference 5, the west frame
rafter was erected with the centerline of the lower flange
approximately 1 in. outside the theoretical plane of the
web. The resulting eccentricity of vertical load with re-
spect to the centroid created torsional stresses in the
rafter which are not considered in Star's design program.
This could account for the discrepancies between the experi-
mental and predicted results.

Full Live Load, Frame 6, Nonstandard Bracing Scheme 1.

This test was designed to investigate the affect of different
lateral bracing schemes on the lateral buckling behavior of

the rafters and to study the brace forces introduced at the
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ends of the unbraced span. Figure 12b shows the bracing
pattern which was tested. This bracing scheme was designed
so that the expected failure mode would be lateral buckling
of the 20 ft. unbraced span. A critical load analysis using
Star's program was not possible because of the excessive
weak axis column slenderness ratio.

The fraﬁe was loaded to a failure load of 3.1 kips.
The failure mode was torsional buckling of the unbraced span
rather than the lateral buckling which had been expected.

In Reference 5, it was shown that the rafter flanges moved
laterally in an almost equal but opposite manner. This sug-
gests that the rafter failed by twisting about a vertical
axis. However, since the rafter web was initially out of

its vertical plane, the system might not have failed by tor-
sional buckling had this initial eccentricity been minimized.
Therefore, it could be assumed that the lateral buckling load
of the system would probably exceed the 3.1 kip load attained.

Measured centerline vertical deflections were in
close agreement with those predicted by Star Manufacturing
Company's design program.

The brace force, measured at both ends of the un-
braced span, gave a maximum value of approximately 1.0 kips
at the failure load. The braces used at these positions were
dynamometers calibrated to measure brace force.

Full Live Load, Frame 6, Nonstandard Bracing Scheme 2.

This test was the second of two tests which were designed to
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investigate the lateral buckling behavior of the rafters under
varied bracing patterns and to study the brace forces intro-
duced at the ends of the unbraced span. Figure 1l2c shows the
bracing pattern which was tested. This bracing scheme was
designed such that the expected failure mode would be lateral
buckling of the 25 ft. unbraced span. As before, a critical
load prediction was not possible using Star's design program
due to the excessive weak axis column slenderness ratio.

The frame was loaded to a failure load of 3.0 kips.
As in the previous tests, the failure mode was torsional buck-
ling of the unbraced span rather than lateral buckling as
was expected. In Reference 5, it was shown, as in the pre-
vious test, that the rafter twisted about its vertical axis
thus failing by torsional buckling. As was mentioned for the
previous test, the rafter would not have failed in this manner
if the web had been initially vertical. It is probable that
the frame could have attained a higher failure load if the
resulting torsional moment had not been present.

Measured centerline vertical deflections were in
close agreement with those predicted by Star Manufacturing
Company's design program. The maximum brace force measured
was approximately 0.9 kips at the failure load. The braces
used at these positions were dynamometers calibrated to meas-
ure brace forces.

Coupon Tests, Frames 5 and 6. Upon completion of

the testing of Frame 5, two samples of the plate material
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used to fabricate the frame were removed from the following
locations: 1) Coupon No. 1 was removed from the upper
flange of the south rafter approximately midway between the
peak and knee connections; 2) Coupon No. 2 was removed from
the lower flange of the rafter approximately midway between
the peak and rafter connections. These locations were chosen
to minimize the effects of possible yielding due to test
loading. Standard ASTM E-8-47T tensile coupons were then
machined and tested. Measurement of the yield stress of
Coupon No. 1 was impossible due to premature failure of the
attached strain gages. The measured yield stress of Coupon
No. 2 was 55.2 ksi. For the Star Manufacturing Company com-
puter analyses, a yield stress of 55iksi was used in all
cases.

4.1.4 Frames 7 and 8 - STR4 50 12/25 14/25

Initial Test, Full Live Load, Frame 8. Test results

and theoretical prediction from Star Manufacturing Company's
design program are shown in Table 2. The maximum load applied
was 1.80 kips at each loading point. This load is approximat-
ely the service load for the frame and corresponds to a unity
check value of 1.02 as determined using Star's design program.
As shown in Table 2, excellent agreement was attained
between measured and predicted vertical centerline deflections.
The maximum lateral deflection was 0.20 in. near the peak.
This deflection is not considered to be of significance.

Comparisons between predicted and experimental
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stresses can be found in Table 2. Experimental stresses in
the column at the knee connection were lower than predicted.
However, the stresses in the rafter were in good agreement
with those predicted. Strain readings were converted to
stress assuming a modulus of elasticity of 29,000 ksi.

Results of this test indicate that frame stiffness
is adequately predicted by Star Manufacturing Company's
design program.

Initial Test, Unbalanced Live Load, Frames 7 and 8.

Test results and theoretical predictions from Star Manufac-
turing Company's design program are shown in Table 3 for
both frames subjected to the unbalanced live load shown in
Figure 5a. For this test, 3.0 kips was applied at each load
point on each frame representing approximately the working
load for the frames.

Table 3 lists experimental and predicted centerline
deflection and sidesway deflection. Excellent agreement was
found between predicted and measured vertical deflections.
The sidesway deflections were approximately 75% of their
predicted values. The predicted sidesway deflections are
based on perfectly pinned columns which was not achieved in
the test set-up and could explain the discrepancy in the
sidesway deflections. Maximum lateral deflection was ap-
proximately 0.12 in. and is not considered to be significant.

Predicted and experimental stresses can be found in
Table 3. Stresses ranged from 65 to 85% of their predicted
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This test shows that the design program is slightly
conservative in predicting both the sidesway stiffness of
frames and the stiffness developed by an unbalanced live
loading.

Initial Test, Lateral Load Only, Frames 7 and 8.

Test results for both frames subjected to a concentrated
lateral load at the knee of the south column are given in
Table 4. Approximately 8.0 kips was applied horizontally to
each frame simultaneously. Sidesway deflection data is
shown in Table 4. Measured sidesway deflections were ap-
proximately 89% of the predicted Values.

Lateral deflection data on both the inside and
outside flanges of both frames showed the maximum lateral
displacement to be approximately 0.14 in. which is not con-
sidered significant.

Predicted and experimental stres data are given in
Table 4. Experimental stresses were substantially lower than
their predicted values.

- This test shows that the design program is slightly
conservative in predicting the sidesway stiffness of frames
and very conservative in predicting the stresses developed
by lateral loading.

Initial Test, Unbalanced Live Load (Windward Side)

and Lateral Load, Frames 7 and 8. For this test both frames

were loaded as shown in Figure 5c. First, 2.0 kips simulated

live load was applied at each load point in 0.5 kip increments
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and then approximately 4.65 kips lateral load in 0.93 kip
increments was applied simultaneously at the knee of the
south columns. After each lateral load increment, the grav-
ity load was adjusted to 2.0 kips and then the data was re-
corded.

Table 5 shows good agreement between predicted and
measured centerline vertical deflections and sidesway deflec-
tions. Lateral deflection data for the outside and inside
flanges of both frames shows the maximum lateral displacement
was 0.1 in. which is not considered significant(l6). Table
5 gives measured and predicted stresses. Experimental
stresses ranged from 69 to 85% of those predicted.

Test results indicate the design program is con-
servative in predicting the stresses in the frame under com-

bined loading.

Initial Test, Unbalanced Live Load (Leeward Side)

and Lateral Load, Frames 7 and 8. Test results for this

loading are shown in Table 6. For this test both frames were
loaded simultaneously with unbalanced live load and lateral
load as shown in Figure 5d. First, 3.0 kips simulated live
load was applied at each load point in 1.0 kip increments
and then 3.37 kips lateral load was applied in varying in-
crements. After each lateral load increment, the gravity
load was adjusted to 3.0 kips and then the data was recorded.
Data in Table 6 shows excellent agreement between

measured and predicted centerline vertical deflections and

-53-



sidesway deflections. Lateral deflection data for both the
outside and inside flanges of both frames show the maximum
lateral displacement to be approximately 0.10 in. which is
not considered to be significant. Predicted stresses and
stresses calculated from measured strains areshown in Table
6. The measured stresses ranged from 72 to 92 percent of
their predicted values.

Results of this test indicate that the design pro-
gram is conservative in estimating the stresses produced by
this combined loading.

Final Test, Unbalanced Live Load (Leeward Side) and

Lateral Load, with Nonstandard Flange Brace Spacings, Frames

7 and 8. This test was designed to investigate the effect
of nonstandard and lateral bracing on the lateral buckling
behavior of the rafters. The locations of the flanée braces
were changed on the south rafter of Frame 8 as shown in Fig-
ure 13. In addition, the purlins were disconnected from the
top flanges except directly over the flange braces. Conse-
quently, an unbraced span of 20 feet was developed for test-
ing.

For this test both frames were loaded simultaneously
with unbalanced live load and lateral load as shown in Figure
5d. First, 1.5 kips simulated live load was applied at each
load point in 0.5 kip increments and then 7.5 kips lateral
load was applied in varying increments. Aftér each lateral
loading, the gravity load was adjusted to 1.5 kips and then

the data was recorded.
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A valid analysis using Star's computer program was
not possible because the weak axis column slenderness ratio,
KL/r, for the unbraced span, exceeded 200. The reason that
failure did not occur at the maximum load was that the meas-
ured stresses were much lower than the theoretical stresses.
Thus, the theoretical moments used as input in the proposed
design program were never attained in the test frame.

Good agreement was attained between measured and
predicted vertical and sidesway deflections(6). Lateral de-
flectiohs were large at the higher loads but proved to be
lateral sway of both frames rather than lateral buckling.

Final Test, Full Live Load, Frame 7, with Non-

standard Flange Brace Spacings. As in the previous test, a

20 ft. unbraced span was developed in the south rafter as
shown in Figure 13. Again an analysis using Star's program
was not possible because of the excessive weak axis column
slenderness ratio. The frame was subjected to full live load
and failed by lateral buckling of the unbraced span at a

load of 2.1 kips.

Data given in Table 2 shows excellent agreement be-
tween measured and predicted vertical deflections. The max-
imum lateral deflection was 0.48 in. and the buckled con-
figuration could be clearly seen(6).

Measured brace force, measured at both ends of the
unbraced span, gave a maximum brace force of about 0.6 kips.
The braces used at these positions were dynamometers calibra-

ted to measure brace force.
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Experimentally determined and predicted stresses
are shown in Table 2. Excellent agreement was obtained be-
tween experimental and predicted stress for the south rafter
at the peak. Measured stresses in both the column and rafter

at the knee connection were lower than those predicted.

Final Test, Full Live Load, Frame 8. Test results

and theoretical predictions from Star Manufacturing Company's
design program are shown in Appendix D. The frame failed at
an applied load of 3.0 kips at each loading point. This cor-
responds to a unity check value of 1.70 in Star Manufacturing
Company's design program. Failure occurred by lateral buck-
ling of the compression flange of the rafter near the peak.
Yielding was visibly more evident on the east side of the
flange indicating lateral buckling to the west.

As shown in Figure D.1l, excellent agreement was at-
tained between measured and predicted vertical centerline
deflections. Failure of the frame is evident from the non-
linearity of the results at the higher load levels. Lateral
deflections of the outside and inside flanges are shown in
Figures D.2 and D,.3, respectively. Careful inspection of
Figure D.2 clearly identifies the area of lateral buckling
near the peak.

Comparisons between predicted and experimental
stresses can be found in Figures D.4, D.5 and D.6. As can

be seen in these Figures, experimental stresses were lower
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‘than predicted. This is consistent with the full live load
test for frame 8 discussed previously.

Results of this test indicate that frame stiffness
is adequately predicted by Star Manufacturing Company's de-
sign program.

Coupon Tests, Frames 7 and 8. During fabrication

of the frame components, samples of the plate material used
were taken and machined into standard tensile coupons. The
coupons were then tested using standard testing procedures.
Measured yield stresses varied from 51.1 to 56.4 ksi. The
average measured yield stress was 53.8 ksi.

For the Star Manufacturing Company computer analyses

a yield of 50 ksi was used in all cases.

4.2 Comparison of Test Results with Lee's Predictions

In this Section, a few selected test results are
compared to critical load predictions found using the Lee
procedures discussed previously. For these analyses, only
the probable critical sections of the frames were analyzed.
In all cases, the critical section as determined by'the Lee
procedures was in agreement with the critical location as
determined through Star Manufacturing Company's design pro-
gram. For the determination of the major axis effective
length factor, Kx, the Star Manufacturing Company's program
utilized the approximate method previously discussed. AISC

interaction equations D4-la and D4-1lb were used to determine
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the critical loads. The equivalent moment coefficient, Cm'
used in AISC Equation D4-la, is taken as 0.85 by Lee, how-
ever, the Commentary on the AISC Specification(7) suggests
that Cn be taken as

]
Ch = 1.0 - 0.18 fa/Fe (;)

for cases where the value of axial stress, fa; is small.

Both values were used for these analyses so that comparisons
could be made. Results are summarized in Table 7 where all
factors of safety are removed so that an interaction equation
value of unity indicates the critical load has been attaihed.

4.2.1 Frame 1 - SRLO4 50 20/25 16/25 - Full Live Load

An analysis of Frame 1 under full live load and
using Star Manufacturing Company's standard flange bracing,
can be found in Appendix E. The section properties, bending
moments, and axial loads used in this analysis were obtained
from Star Manufacturing Company's design program (Appendix A).
In that analysis the predicted critical load was 5.13 kips
at each load location and the critical location was in the
rafter section nearest the knee.

An analysis of the frame under the same loading and
bracing conditions was completed according to the procedures
suggested by Lee et al. as discussed in Chapter 3. Using the
Lee analysis, the critical location was found to be in the
rafter section nearest the knee which is in agreement with
Star Manufacturing Company's design program. Both the inter-

action equations suggested in Appendix D of the AISC
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Specification were used, as were both values of the equiva-
lent moment coefficient Cm as discussed previously. Results
of this analysis are shown in Table 7. The use of 0.85 as

the value for Ch in Equation D4-la gave unconservative results
(5.76 kips) for this analysis. However, using Equation 1 to
determine the value of C, for use in Equation D4-la gave only
slightly unconservative results (4.96 kips) when compared to
experimental failure loads (4.75 kips). Equation D4-1b re-
sulted in the same predicted failure load as the Star Manu-
facturing Company analysis (5.13 kips). Since the experimental
failure load was influenced by the failure of a compression
flange brace (Figure 10), it could be assumed that the frame
would have taken more load had the brace not failed. If this
were true, then the critical loads predicted using Equation
D4-la with Ch determined by Equation 1 and Equation D4-1b
were good predictions of the actual failure load.

4,2.2 Frame 3-SR4 60 40/25 20/20 - Pull Live Load

An analysis similar to that discussed above was com-
pleted for Frame 3 under full live load with nonstandard
flange brace spacings (Figure 1l1lb). The analysis by Star
Manufacturing Company resulted in a predicted critical load
of 4.54 kips at each loading point with the critical location
in the rafter section nearest the knee. The Lee analysis
predicted the critical location to be in the rafter but one
section away from the knee. Thus in this analysis, the weak-

axis buckling restraint given to the critical section by the
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rafter section nearest the knee had to be considered. Two
approaches were used for the estimation of this restraint:
(1) The approach presented by Lee et alfz), i.e., end restraint

factors GT or G And (2) since the adjacent span near the

B
knee was short and near the end of the member, it was assumed
it offered no weak-axis buckling restraint and the near end

of the critical span was assumed pinned (i.e., G = 10). The
results of these analyses can be found in Table 7. The re-
sults using the latter method of estimating the end restraint
are designated with parenthesis in Table 7.

When tested, the frame failed at a load of 5.76 kips
by lateral buckling of the rafter near the knee. The failure
location is in agreement with both the Star Manufacturing
Company and Lee analysis predictions. However, the failure
load was approximately 25 % higher than was predicted by Star
Manufacturing Company's (4.54 kips). When AISC Equation
D4-la was used in the Lee analysis, with Cm as defined in
Equation 1 and assuming the end of the critical span toward
the knee as pinned (i.e., adjacent segment offers no restraint
against weak-axis buckling), the predictedicritical load was
approximately 8% higher than the test result (6.22 kips). All
other methods of predicting the critical load using the Lee
analysis gave very unconservative results when compared to the

test results.
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4,2.3 Frame 6 - STR 60 12/25 10/25 - Full Live Load

Spacings. An analysis of Frame 6 under a full live load of
3.98 kips at each loading point and using Star Manufacturing
Company's standard flange bracing was completed using Lee
analysis procedures. The results of this analysis are shown
in Table 7.

An analysis using Star Manufacturing Company's de-
sign program predicted failure in the rafter section nearest
the knee at a load of 3.98 kips. The Lee analysis also pre-
dicted the critical location in the rafter at the knee. When
the frame was tested, it failed at a load of 3.0 kips by lo-
cal buckling of the rafter at the knee connection. The fail-
ure location is in agreement with both the Star Manufacturing
Company and Lee analysis procedures. The failure load was
much lower than predicted by either of the analysis methods
discussed (3.98 kips and 3.68 kips). This can be partially
attributed to the poor erection of Frame 6 as discussed pre-
viously. Since the low failure load was predicted by poor
erection, it is difficult to make comparisons between pre-
dictions and test results. Comparisons can be made between
the critical loads predicted by the two analysis procedures.
The use of AISC Equation D4-la with C, @ssumed to be 0.85
resulted in a predicted critical load of 4.24 kips when Lee
analysis methods were used. This is approximately 7% higher
than Star Manufacturing Company predictions. Using Equation
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to determine Cm in AISC Equation D4-la resulted in a critical
load of 3.68 kips while using AISC Equation D4-1b predicted
the critical load to be 3.77 kips. These values are approx-
imately 8 and 5% lower than Star Manufacturing Company pre-
dictions, respectively.

Nonstandard Flange Brace Spacings. An analysis of

Frame 6 under a full live load of 3.0 kips with nonstandard
flange bracing (Figure 12c) was completed and the results are
shown in Table 7. A critical load prediction using Star
Manufacturing Company's design program was not possible due
to a weak axis rafter slenderness ratio exceeding 200 which
is beyond program capabilities. The Lee analysis predicted
that failure would occur in the 25 foot unbraced span of the
rafter.

When the frame was tested, failure occurred by lat-
eral-torsional buckling of the long unbraced span at a load
of 3.0 kips. It is difficult to determine the extent to
which the poor erection of the rafter influenced the failure
load.

Since the critical location in the Lee analysis
was the long unbraced span created by the nonstandard flange
bracing used, the weak axis buckling restraint given to the
critical span by theishort span nearest the knee had to be
determined. The two methods discussed in Section 4.2.2
of this report were used. The assumption that the adjacent
span offered no buckling restraint (i.e. end of critical span
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assumed pinned) resulted in critical loads that were much
lower than test results (1.88, 1.73 and 2.0 kips). The use
of end restraint factors (as suggested by Lee) resulted in
critical loads in close agreement with or higher than the
test failure load (3.48, 3.02 and 3.21 kips).

4.2.4 Frame 7 - STR4 50 12/25 14/25 - Full Live Load

Frame 7 was analyzed under a full live load of 2.1
kips and with nonstandard flange brace spacings (Figure 13b).
A Star Manufacturing Company analysis was unavailable due to
the excessive weak-axis rafter slenderness ratio of the long
unbraced span. An analysis using the procedures suggested
by Lee was compléted and the results are shown in Table 7.

When the frame was tested under these conditions, it
failed at a load of 2.1 kips by lateral-torsional buckling
of the long unbraced span. In analyzing the frame using
Lee's methods, predicted critical loads were in good agree-
ment with test results when the weak-axis buckling restraint
of the adjacent span near the knee was considered (2.1, 1.83
and 1.91 kips). When this restraint was not considered, the
predicted critical loads were very conservative when compared

to test results (1.27, 1.09 and 1.15 kips).
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CHAPTER V

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

An extensive series of tests of Star Manufacturing
Company standard rigid frames has been conducted. The test
setups were as close to actual conditions as possible. The
frames were subjected to loading combinations commonly used
for design. Test results were compared to standard Star
Manufacturing Company design procedures and to recently pub-
lished state-of-art procedures.

5.2 Conclusions

General. From test results it was found that brac-
ing_details are extremely critical. Failure of Frame 1 was
caused by an inadequate rafter compression flange brace near
the knee. The brace failed because of purlin roll which, in
turn, occurred because of lack of torsional restriant due to
the absence of roof panel. This failure underscores the fact
that metal buildings are systems. Caution is recommended if
a flange brace is located at an unrestrained purlin, for in-
stance, near a skylight.

The need for adequate bolt tightening is emphasized
by the results of tests of Frames 5 and 6. These frames were
erected by an outside erection crew, supposedly experienced

in metal building erection. The initial test of these frames



resulﬁed in premature failure which is believed to have been
caused by inadequate tightening of the end-~plate moment con-
nection bolts at the knees and peak.

Although not a specific part of this study, it is
noted that no failure was attributed to the end-plate con-
nections. In no test, not even those to the failure load,
was distress observed in the connections.

Stiffness. All deflection measurements were com-
pared to Star Manufacturing Company's computer design program.
The program was found to very accurately predict vertical
rafter deflections. Measured sidesway deflections were con-
sistently found to be less than predicted. The program is
based on the assumption of perfectly pinned column bases
which was not achieved in the test set-up.

Stresses. Measured strains were converted to stress
using an assumed modulus of elasticity. Except for tests
involving Frames 3 and 4, measured stresses (strains) were
less than predicted from the Star Manufacturing Company
computer program. Measured stresses (strains) for Frames 7
and 8 were considerably less than predicted. For Frames 3
and 4 good agreement was obtained. No explanation was found
for the discrepancy.

Strength. For full live load tests to failure
(Table 2), all frames tested reached more thn 90% of the pre-
dicted failure load except Frames 5 and 6. Calculations were
based on a yield stress of 50 ksi except Frames 5 and 6 for
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which an assumed yield stress of 55 ksi was used, (As noted

above Frames 5 and 6 may have been damaged prior to the final
test due to inadequate bolt tightening.) Except for Frames

5 and 6 the load factor (failure load/working load) exceeded

1.5. It is the writers' opinion that if the load factor from
full scale tests of production specimens exceeds 1.5, the de-
sign is adequate.

Only Frames 3 and 4 were tested to failure for other
than full live load. These frames were tested to failure
using a combination of lateral load and unbalanced live load
on the windward side. In this test, gravity live load was
first applied and then lateral load. The gravity live load
was maintained as the lateral load was applied in increments.
The frames failed at 70% of the predicted lateral load fail-
ure level (Table 5). However, the stress gradiént (versus
applied lateral load) was very lownear the failure location.
The stress at this section was very high upon application of
the vertical load (within 19% of the predicted stress at
failure) and then increased very slowly with increasing lat-
eral load. Hence, failure at the section at a stress level
only slightly below the critical stress can translate into
a significant reduction in lateral load capacity. (See
Reference 4 for more detailed explanation). It is the
writers' opinion that this phenomenon is not adequately ad-

dressed by the recognized specifications and codes.
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Lee's Procedure. Test results were compared to pro-

(2)

cedures suggested by Lee et al. . A number of variations

of design assumptions were investigated (Table 7). No con-
sistent set of design rules which adequately predicted frame
strength for all loading combinations was found.

5.3 Recommendations

From this study, it was found that Star Manufacturing
Company's design program, as described above, is adequate for
the class of frames tested. It is recommended that the pro-
gram be continued to be used.

It is suggested that procedures be investigated to
improve the accuracy of predicted sidesway deflections. From
non-standard bracing spacing tests, it was found that the
program underestimates the weak axis buckling strength of
rafter sections. The assumption of pinned-end segments is
obviously conservative and consideration might be given to
implementing procedures to include the éffects of restraint
supplied by adjacent rafter segments, especially near the
knee. Finally, a Cp value of 1.0 is used in the program.
This assumption can be ultra-conservative for certain con-
ditions. Consideration may be given to implementation of a

more accurate estimate of Cb.
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APPENDIX A

DETAILS AND DIMENSIONS OF TEST SPECIMENS
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APPENDIX B
TYPICAL STAR MANUFACTURING COMPANY
COMPUTER ANALYSES

(Frames 1 and 2)



STAR MANUFACTURING CO. 8600 S. 1-35 OALAHOMA CITY, OK. J0OB SRLOFRA
SRLO4 50 20/25 16/25 FILE OU.FRA. &
DESIGN DIMENSIONS AND PROPERTIES REPORT PAGE 3

- on .

MEMBER NO. i- 2 LENGTH= 14.65 FT ANGLE= B87. 36 DEC FYF=50. KSI FYW=30. KSI
SECTFION i LENGTH= 13.87 FT OF= 6.00 X 0.2500 WEB=0.1875 IF=C & X 8.2

POINT X Y DEPTH AREA IX RX RY SOX SIX RTO RTI

NO. (FT) (FT) (IN) (IN2) (IN4) (IN) (IN) (IN3) (IN3) (IN) (IN)

1 0. 00 0. 00 6. 00 4. 94 30.0 2.47 1.89 9.0 11.3 1,630 2. 265
101 0. 06 1.15 7.22 5.17 45.9 2.98 1.85 11.3 14.4 1.610 2. 251
io2 0.17 3. 44 Q. 67 S. 63 89.1 3.98 .77 16. 4 21.0 1.57¢ 2 222
103 0. 28 5.77 12.12 6. 09 149.0 4.95 1.70 21.9 28.0 1.536 2.194
104 0. 39 8.08 14, 57 6. 55 226.9 5.89 1.4 27. 9 35.3 1.503 2.167
105 0.51 10.39 17.02 7. 01 324.3 4.8B0 1.59 34.3 42.9 1.473 2. 140
106 0.62 12.70 19. 47 7.47 442.5 7.70 .54 41. 1 50.9 1.444 2.114
1074# 0.67 13.86 20.69 7.70 509.9 8.14 1,51 44, 4 95.1 1.431 2.102
STAR MANUFACTURING CO. 8600 S. I1-35 OKLAHOMA CITY, OK. JOB SRLOFRA
SRLO4 50 20/25 14725 FILE OU.FRA. &
DESIGN DIMENSIONS AND PROPERTIES REPORT PAGE 4

MEMBER NO. 2- 3 LENGTH= 23.47 FT ANGLE= 4, 59 DEG FYF=350. KSI FYW=350. KSI
SECTION 1 LENGTH= 7.25 FT OF= 5.00 X 0.2500 WER=0.1875 IF= 5.00 X 0O.2500
SECTION 2 LENGTH= 15. 51 FT OF= 5.00 X 0.2500 WEB=0.1345 IF= 5.00 X 0. 1799

POINT X Y DEPTH AREA IX RX RY =10) ¢ SIX RTO RTI
NO. (FT) (FT) (IN) (IN2) (IN4) (IN) (IN) (IN3) (IND) CIN) (IN)
110% 1.38 14.69 20.00 6. 16 359.7 7.64 0.92 36.0 36.0 1.:84 1.184
111 2.58 14.83 19.00 S.97 318.7 7.3t 0.94 33.5 33.5 1.194 1.194
112 4.98 15.13 17.00 5. 59 245.6 b6.63 0,97 28. ¢ 28.9 1.215 1.215
113 7.38 15.42 15.00 9. 22 183.6 5.93 1.00 24.5 - 24.5 1.237 1.237
114% 8.58 15.56 14,00 5. 03 156.6 5.58 1,02 22. 4 22. 4 1.248 1,248
114# 8.58 15.56 14.00 3.97 128.7 5.69 1,06 20. 1 17.0 1.306 1.234
115 10. 13 15.67 14, 61 4. 06 141.9 5.91 1,08 21.1 i8.0 1.301 1,227
116 13.22 15.88 15.84 4. 22 170.5 6.35 1.03 23. 4 20.0 1.2%0 1.213
117 16.32 16.10 17.07 4.39 202.2 &.79 .01 25. 6 22.0 1.279 1.199
118 19. 41 16.31 18.29 4. 55 237.3 7.22 0.99 28.0 24.2 1.268 1.187
119 22,31 16.52 19.52 4.72 273.8 7.65 0.97 30. 4 26.4 1.258 1.174
3% 24.05 16.63 20.13 4. 80 296.4 7.86 0.97 31.6 27.5 1.2%3 1.168

a) Frame 1

Figure B.l1 Geometry and Section Properties
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STAR MANUFACTURING CD. 8600 S. I-35 OKALAHOMA CITY. OK. JOB SRLOFRA
SRLO4 50 20/25 16/25 FILE OU.FRA.1
DESIGN DIMENSIONS AND PROPERTIES REPORT PAGE 9

MEMBER NO. 3~ 5 LENGTH= 23.4646 FT ANGLE= —-4. 89 DEG FYF=50. KSI FYW=350. KSI
SECTION 1 LENGTH= 15.51 FT OF= 5.00 X 0.2500 WEB=0.1343% IF= 5.00 X 0.1799
SECTION 2 LENGTH= 7.25 FT OF= 5.00 X 0.2500 WEB=0.187% IF= 5.00 X 0.2500

 — - o ————— S G € D 08 - G B D . D K WD S S0

POINT X Y DEPTH AREA IX RX RY 80X SIX RTO RTI
NO. (FT) (FT) (IN) (IN2) (IN4) (IN) (IN) (IN3) (IN3) (IN) (IN)
3 24.05 16.63 20.19 4. 81 2968.4 7.88 0.97 J1.8 27.6 1.253 1.1467

i20 25. 60 16.52 19,57 4.72 277.6 7.67 0.97 30.5 26.5 1.25%58 1.174
i21 28.70 16.31 18.33 4. 56 238.6 7.24 0.99 28. 1 24.3 1.26B 1.18B4
122 31.79 16.10 17.10 4. 39 203.1 6.80 1,01 25.7 22.1 §.279 1.199
123 34.88 15.88 15.86 4. 22 170.9 &.36 1.03 23. 4 20.0 1.290 1i.213
124 37.98 15.67 14, 62 4. 06 142.0 5.92 1.05 21.2 i8.0 1.301 1{.227
125# 39.53 15.56 14.00 3. 97 128.7 5.69 1.06 20.1 17.0 1.306 1.234
125% 39.53 15.56 14,00 5. 03 156.6 5.58 1.02 22. 4 22.4 1.248 1.248
126 40.73 15.42 15.00 5. 22 183.6 5.93 1.00 24.5 24.5 1.237 1.237
127 43.13 15.13 17.00 5. 59 245.6 6&.63 0.97 28.9 28.9 1.215 1.215
128 45.53 14.83 19.00 5. 97 318.7 7.31 0.94 33.5 33.5 1.194 1.194
129% 46.73 14.69 20.00 6. 146 359.7 7.64 0.92 36.0 36.0 1.184 1.18B4
STAR MANUFACTURING CO. 8600 S. 1-35 OALAHOMA CITY. OK. JoB SRLOFRA
SRLO4 50 20/25 16/25 FILE OU.FRA. 1L
DESIGN DIMENSIONS AND PROPERTIES REPORT PAGE é

b

MEMBER NO. 4- 5 LENGTH= 14.65 FT ANGLE=-87. 35 DEG FYF=50. KS1 FYW=50. KSI
SECTION 1 LENGTH= 13.87 FT OF= &.00 X 0.2500 W4WEB=0.1875 IF=C & X 8.2

- ———— -

POILT X Y DEPTH AREA IX RX RY S0X SIX RTO RTI
NO. (FT) (FT) (IN)  (IN2) (IN4) (IN) (IN) (IN3) (IN3) (I (IN)
4% 48. 11 0. 00 4. 00 4. 94 30.0 2.47 1.89 ?.0 11.3 1.630 2.265
131 48. 03 1. 15 7.23 5. 17 46.0 2.98 1.85 11. 4 14.5 1.609 2.251
132 47. 94 3. 46 Q.69 5. 63 89.4 3.99 1.77 16. 4 21.1 1.57% 2. 222
133 47.83 5.77 12. 15 6. 09 149.7 4.%96 1.70 22. 0 28.0 1.53% .2.1%94
134 47.71% 8. 08 14.60 4. 55 228.1 5.90 1.64 28. 0 35.4 1.502 2.167
135 47.60 10.3%2 17.06 7.01 326.2 6.82 1.958 34. 4 43.1 1.472 2.140
136 47.49 12.70 19.52 7. 48 445.4 7.72 1.53 41. 2 51,1 1.444 2.114
137# 47.43 13.86 20.75 7.71 513.3 8.16 1.31 44.8 55.3 1.430 2,101

a) Frame 1 Continued

Figure B.l1 Geometry and Section Properties Continued -
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STAR MANUFACTURING CO. #8500 5. I-35 OKLAHOMA CITY, OK. JOn SRLOFRA

SRLOG 9O 20785 16/29 ' FILE TEST.'TMP.3
DESIGN DIMENSIONS ARD PROPERTIES REPORT PACE 3

M MBER NO. i- 2 LENGTH= 14 65 FT ANGLE= 87. 33 DEG FYF=50. KS1 FYW=50. KST
GECTION 1 LENGTH= 13. 808 FT GF= 5.97 X 0.24C0 WEB=0. 1950 IF=C 6 X 8.2

POINT X Y DEPTH AREA IX RX RY S0X SIX RTO RTI
[ IR] (FT) (FT) (IR (IN2) (ING) (I (IN) (IN3) (IN3) (IN) (IN)
1% 0. 00 0. 00 &. 00 5. 03 30.6 2. .47 1. 893 Q.3 11. 4 1. 623 2. 241
101 0. 06 1.19 7.25 5. a8 47. 2 2.99 1.83 11.7 14. 6 1.602 2. 246
102 0.17 3. 446 @. 75 5. 76 Q2. 6 4.01 1.75 17.1 21.4 1.563 2. 216
102 0.2 5.77 12. 25 b. 25 15. 9 4.99 1. 68 22. 9 28. 46 1. 527 2.186
1043 0. 40 8. 02 14. 75 ‘6. 74 230.5 5.95 1,62 a29. 2 36.2 1.494 2,157
1CS 0. 51 10. 39 17. 25 7.23 342.0 6.88 1.57 36.0 44 2 1.463 2.129
108 0.63 12.70 12.75 7.71 467.9 7.79 1.52 43. 2 2.5 1.435 2.102
107% 0. 68 13. 86 21.00 7. 26 539.8 B8.24 1. 49 46. 9 56.9 1.421 2. 088
5TAR MANUFACTURIMNG CO. 8400 5. 1-35 OKLAHOMA CITY., OK. JOB SRLOFRA
SELOS S0 20/25 16729 ) FILE TEST.TMP.3
DESIGM DIMEMSIONS AMD PROPERTIES REPORT PAGE 4
MENMGER NO. 2- 3 LENGTH= 23. 46 FT ANCLE= 4. 88 DFG FYF=50. KS1 FYW=50. K51
SESTION LEMGTH= 7.2% FT CF= 4.97 X 0.2600 WER=0.2090 IF= 4.97 X 0. 2600
ZECTION 2 LEMNGTH= 15. 48 FT OF= 4.97 X © 2540 WEB=0. 1920 IF= 4.97 X 0. 1840
FOINT X o ‘DEPTH AREA IX RX RY SOX SIX RTO RTI
O, (FT) (FT) {IND (IN2) (IN4) (IN) (IN) (IN3) (ING3) (IN) (IN)
110% 1. 41 14. &9 20. 00 6. &b 380.5 7.56 0.90 38. 1 c. 1 1.162 1.162
111 2. 61 14, 24 19. 0O b 45 3364.8 7.23 0.91 395. 5 35. 5 1.173 1.173
112 S 01 1513 17.00 6. 03 25%.0 &6.55 0.94 20. 9 30. 95 1.194 1.194
113 7. 41 15. 42 15 00 5. 61 193 3 5.87 0.97 25.8 25. 8 1.217 1.217
113+ 8. &1 15. 55 14. 09D 5. 40 164. 7 5. .52 0.99 23.95 . 23.5 1. 229 1. 229
114+ 8. 61 15, S6 14. 00 4. 79 142.3 5.45 0.97 21.8 19. 0 1. 249 1. 167
1195 10. 15 15. 67 14. 60 4.91 157.0 5. 65 0.956 23.0 20. 2 1. 242 1.159
1ls 13. a4 15 63 15. €90 5. 14 189. 1 6. 06 0.93 25. 9 22. 9 1. 229 1. 142
117 14. 32 16.0% 17.00 5. 37 224.8 & .47 0 91 28. 2 24.9 1.216 1.127
118 19. 42 16. 31 18. 20 5. 60 o64. 4 6.87 0.90 30. 9 27.5 1. 203 1.113
119 2. 91 16. 52 19. 40 5. 84 303. 1 7.2 0. 83 33. 6 30.1 1.190 1.098
S 24 06 16 &2 20,00 5. 95 331.4 7.46 0.87 35. 1 31. 4 1,184 1. 092
b) Frame 2

Figure B.1 Geometry and Section Properties Continued
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57K MANUFACTURING CO. 8600 S. 1-35 UKLAHDMA CITY, OK JOon SRL.OFRA

SRLDA S0 20/25 16/25 FILE TEST.TMP.3

LLBiEN DIMEHSIONG AND .PROPERTIES REPORT » PACE 5 !

nEnbeR NO 3- 5 LENGTH:: 23. 46 FT ANGLE= =-4.87 DEG FYF=50. K81 FYW=50. K81
SECTION 1 LEMNGTH= 15.48 FT CF= 4.97 X 0.2540 WEB=0.1870 IF= 4.97 X 0. 1840
SECTICH 2 LEMGTH= 7.25 FT OiFf= 4.97 X 0.2570 WED=0.1910 IF= 4.97 X 0. 2550

no (FT) (FT) (IN)  (IN2) (INGY  C(IN)  CIN)  (IN3)  (INI) (IN) CIN)
w24 06 16,62 20.00 5. 83 327.7 7.49 0.83 34.7 31.0 1.190 1.099

1on 9. &C 1682 19 40 572 304.6 7.30 0.8% 33.3 29.7 1.196 1.105
121 22. 09 16.31 18.20 5. 50 261.6 6.90 0.90 30. 6 27.1 1.209 1.11%
122 31.78 1609 17.00 5. 27 222.% 6.50 0.92 27. 9 24,7 1.221 1.134
122 34.87 15.88 g. 80 5. 05 187.2 6.09 0.94 25.3  22.3 1.234 1. 149
1224 37.96 15 &7 14.60 4. 83 155.6 5.68 0.96 22. 8 20.0 1.247 1.165
17#5% 39.51 15 5& 14.00 4.71 141.1. 5.47 0.98 21. 6 18.9 1.254 1.173
103« 3% 51 15 96 14 00 5. 12 159.2 %.58 .1 01 22.8 22.7 1.242 1.240
iRs 30.71 15 42 15 00 5. 31 184.7 5.93 0.99 24. 9 24.9 1.230 1.229
17 43.11 15 13 17.00 5. 69 2497 b 62 0.96 Q9. 4 29.3 1.209 1.207
128 45.51 14,84 19.00 6. 08 324.1 7.30 0.93 34. 2 34.1 1.188 1.186
125%  46.71 14 .69 20 00 6. 27 365.8 7.64 0.92 36. 6 36.5 1.178 1.176
cTap MAUPACTURING CO. B&DO S I-35 QXLAHGMA CITY, OK. JOB SRLOFRA

cRigd 8D 2027 186/&05 FILE TEST.TMP.3
reslad DIFSRBI0NE AND PROPERTIES REPCGRT PAGE 6

WEMPER MO 4- 9 LENGTH= 14. 65 FT ANGLE=-87. 32 DEG FYF=50. KS1 FYW=50. KS1
SECTION 1 LENGTH= 13.88 FT GF= .97 X 0.2560 WEB=0.1970 IF=C 6 X 8.2

- ————— - - ——— — T o S o S o o _._._—_..-.—_.._....._.__.-....___.._.....-_.....-___._—-—.._—.——_

FOIMT X Y DEPTH AREA IX RX RY 80X SIX RTO RTI
110, (FT) (FT) CINY  CINZD (IN4)  C(IN)  C(IN)  (IN3)  (IN3) CIND (IN)
= 48,11 0. 00 6. 00 5. 02 30.4 2. .46 1.87 Q. 2 11.4 1.620 2. 26%
131 48. 06 1 15 7.25 5. 27 46.9 2.98 1.83 11. 6 14. 6 1.599 2. 246
z2 47. 94 3. 45 Q.75 5.76 g2.2 4.00 1.75 16. 9 21.4 1,559 2.215
123 47. BZ 5 .77 12.2%5 6. 25 155.2 4.98 1.68- 22.7 28.6 1.522 2.1B85
13: 772 g .08 14.75 6. 74 237.% 95 93 1.62 29. 0 36.2 1.489 2156
18 47. 60 10.39 17.25 7. 24 340.8 6.8B6 1.56 35.7 44.2 1.458 2.128
134 47. 49 2.70 19.7%5 7.73 466. 6 7.77 1.51 2.9 52.5 1.429 2.100
137+ 47.43 13.85 21.00 7.98 530 4 8.22 1.49 46.7 56.9 1.415 2.087

b) Frame 2 Continued

Figure B.1 Geometry and Section Properties Continued
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A OCT 271978 MICA jur 271379 JOF

SHEET NO.__OF______
. SRLO JOB NO.
. QUOTE NO.
ZTAR CLEAR SPAN BY _5.Y, 2/1/7L
Byt AN Ve g DESIGN CHK'D BY
SRILO 50 /3 14/75 E-506 3-8-73
PPROX. WT. [/ L8S.
A 1381 ; 12
05 FLANGE
N
g RAFTER MK. _%/-707
NIENRY COLUMN MK. 5/-509
N o FLANGE BRACE AT_/.Z2 £ & /N.5.) PURLINS
A B FLANGE BRACE AT GIRTS
Y ALL PLATE 50,000 PSI YIELD
: SPLICE BOLTS ARE A-325 HIGH TEMSILE
¢ ¢ ALA R, 2-% ¢ Xi-6 ANCHOR BOLTSA
3 g
: a = Vor+wL= H(.75) 5 6. 00 K+
o 3 ° L VoL+iL:=H-2R= 200 K*
6” \Y/ = —— K
—-—-“—'L- v =R
*IF VALUES ARE NOT SHOWN REFER TO COMPUTER RUN NO.
3
Gxlen 518R
= \ R.
W a—
~ ¢ 6-20
2%xlap /S N
GELES W NO
L 70" INTERMEDIATE
' KNEE SPLICE* SPLICE: | PEAK SPLICE*
Mpr+tL =-F4./0 K' [MoL+LL = K| MoL+tL = 505K
N - v t - PR
MpL+wt = (3.90 K MpL+w = K MopL+wt ==2/23 K
MD?‘L W =-—_219—’.Q.%.KI M < =__________Kl MD‘L"N' =_Z_?__-__?_Z_ K’
- ! / = | = e_i. !
M.y =762 K |M . %K Mool £4.84K
Tuax. (Pos. Moy “—2L93 K | Tuak. = SK | Tuax. (pos. mom) = 24EK
Tuax, (NEG, MOM)  =_90.46 K Tuax.(NEG, MoM) = S272 K

¢) Nominal Dimensions - Frames 1 and 2

Figure B.1

Geometry and Section Properties Continued
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APPENDIX C
TYPICAL TEST RESULTS

(Frame 7, Full Live Load, March 24, 1981)
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Deflection, in.

Figure C.1 Load vs. Centerline Vertical Deflection
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APPENDIX D
FINAL TEST

(Frame 8, Full Live Load, June 21, 1982)
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Figure D.1 Load vs. Centerline Vertical Deflection
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APPENDIX E

TYPICAL ANALYSIS USING LEE PROCEDURES



Froame | / Stond o

Bra c..l'w\? / Fo

Live Leoadd

£/

[&)]

x

O]

Tabll of froperties ~ 7aken From //o/Dcoa//x B.

7

250

\‘.. .

proprr—— 2 1 © | @ | @ | ® | @
A, int |6./6 | 605 | 525 | /7 | +.4%
A ) /" 5 Zo | p2.4 |/5./5|/5.43 /7“42
BEEDN f357.7 235./| /88.2| 161/ | z/2.2
z,, »% 52/ 52/ |52/ 476 £ 78
Sx, s  2¢.0 345 | 248 226 ze.2
Fr, m li7 16 | rzz) rze 127 ]
Mermend, K-H. -/92.5-128.7 -35./ 3/.8 | 77.4
Axricf Losd, Kipr {/st.o/ 140/ 113 FF j2.92) 12.20

*From Star Manufacturing Company analysis
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Cridical Jocation wit/ be s ratffer gear Erpeo .

AX/&,/ SEress

ékwon?_) Axic

/ —
Ly=2Z2.2 Gr = O.79 Ke= lLz4s - Frony Ste—~f
G’T= "2@ /pr?jrdm

KL = J1.2495 (zz.®)(12) _
(w} 5(.58 L - “le.

Wealc Axig
Seet. 5-6 : é’cmnj oxic conbrolc ch iV\$'P¢<-‘€:\'0V\.

5&0'{- -7 ey GL = |.g Cg z1) = 03
S (5.=1)

6'12. = ) (\5.2\)
s (5.21)

= |.O

Froma ijmmem{ chat | Ky = o070

K2y = o7o (E)02) _
V‘)j 0.93 = %52
é-&womj axis control-
E= ,H_ZE — 7(7‘(2.4000) = 76.9 K<
Ehk T e
e = [1- w5]Fy = - B2n]se = 414 e
Ale “(Fa) Y {76 A4 < ’ -

-~ *E

(Fo), = = 76.9 £s.
& JX G"T;—e-):

Bending Strecs

Sect. 5-6
G = 100 (hinged at end =)
g = 2222l (f':’) = 2.23
K¢ = 0.‘!3) Ky = .94 (Appwd\& F of red. Z)
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Ld\ — Lsu2)(a4) _ 274
A{ . 5 (e.25)
L) - Ls0r) - 5=
. [ 1e
Y= deoy = 22 o) = ooz
Ao 9.4 !
Lol
= . + . —_— = .
he = IOt 00237 i Loz
- E02RE L -
hy =1.© + 000285 = .o
.F_e.\( = ‘l‘%ﬁ"%‘ 7z.0 Ks/
he s (3, )
er = ._’_n:.i—-E—__. = IB&‘}- g:/l
(K"""‘WL/"T\)L
(F'AQS VR Py = j386 ks
Fop = [~ Z8&5 /50 = 497 ksd (inelastic)
Sect. -7
G'L_ = 0.3 ) é—z = |.0
Ke=077 , Kw= 074 ( Appevdix F of rf. z2)
LAy _ 12 s
() e =
_E; — = (12) —
V})7 l-22 = 4.z
}h= —Eiﬁi - = ©.28
1% .15
he= l.o + 0.022 (0.28) V127 = /1/7¢
hw = l.o + 0.0038S (0.28)749.2 = /008
Fey = 18 900 —

(174 (77) (727) -

Z28.76
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F—WK = ’W"(ZQJOOO) = 2l2.%
074 (1.008)(42.2)] %

(F—b&)“—‘ —,/—Ze.?e"'-‘L z12.s> = =z=I4.4
<

Fb%’ = [1,0— C:%%i:‘f—-)jgo = 48.] ks« (inelastic)

COMb"V\&A AK\M ond B&V\o{\'w‘g‘__

Sect. &5-6
o= 1t - 229 ken
6.l
7[‘5 = 142.5(12) — 49.5 k<i
2l .o
Con = O.B5
"Fa. Cma b
dee o4 — < Lo AISC N, l.e.|
(J"-a)c,w Q_ ;k/Fz_> Q_:E’BY ( A m>
z.z7 0.5 , 47.5
4.9 (1= 2274,49) %7
= 0os% + ©0.827 = 0.%]

7(-& + JCB = |.o (Axsc L. l.(p.ﬂo)

/:;/ (F_Qy
2.27 47. 5 - so0/
o T Fa7
Sect. -7
foo= 1344 = z.2¢ e
525
fy= 128.702) = 9977 ks
24¢.5
~m= O.8%
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_{ﬁ_ + Cmn gb
(Fo).., (U~ e fr ) (Fe)y

= 256 4 0.85(44.77) = 0.279
41.9 (1-2354 ) 481

{a + I = 2.5 F4.77 = o.98z

Predicted Cviticaf L ool

COn(afOllivxj Section Waus +Lha wa‘)[*lw cecction
Near the Knee whevre the inderackion aokua)h'e—n
(ATSC 1@ k) guva o vadue of lool . Thus
Jor this onelysis tha evriticd load 12 2ccent -
}&&ltj "Uf\@ Soavvrae. adé  Was AMMM‘/\Q-G( {(/\rouﬁL\
<hav s CO-N\PLA/(M Ae.siﬁn Froﬁ_rovw\ ie. B =513
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